The flow-focusing method is a technology for microfluidic droplet control, and the temperature can effect on the droplet formation. In this study, the droplet formation in the flow-focusing method during the squeezing of dispersed phase by the continuous phase is simulated using CLSVOF, with the consideration of the effects of temperature on droplet size, shape and frequency. The simulation results are consistent with experimental data. The simulated results demonstrate that the droplet size increases with the increase of inlet phase temperature, while the shape regularity and forming frequency decrease, the maximum increase of droplet size is 16%, the biggest drop of droplets number is 29%, and the biggest drop of the roughness parameter is 5%. When the inlet temperatures of the continuous phase are not equal, dripping and jetting are observed in the flow regime of droplet dispersed phase. The mechanism of the temperature influence on droplet formation and the detailed process of droplet formation under different flow regimes are discussed. At the same time, the radial size of droplet breakup point under different flow regimes is compared. The simulation results provide insights in better selection of the control parameters for droplet formation technology.
INTRODUCTION
With the extensive adoption of Lab-on-a-Chip in areas like medical diagnostics (Zec et al., 2014; Price and Paegel, 2015; Hung, 2016) , screening of biological assays (Theberge, 2010; Vyawahare, 2010) , single cell analysis (Schneider, 2013; Mashaghi, 2016; Evanko, 2008) , food and feed industries (Neethirajan et al., 2011) , preparation of nanoparticles (Jahn et al., 2008; Song et al., 2010) and other special materials (Abou-Hassan et al., 2010) , microfluidic technology, which is a key supporting technology in Lab-on-a-Chip, has been of great interests to researchers Basova and Foret, 2015; Bruijns et al., 2016) . The main components of the droplet formation device in microchannel include T-junction (Christopher and Anna, 2007; Bedram and Moosavi, 2013) , flow focusing structure (Teo et al., 2018; Wang et al., 2017) , and drop-on-demand (DOD) generator (Eslamian and Ashgriz, 2011) . Because of the high frequency of monodisperse droplets produced by the flow focusing structure, many researches on droplet forming have been carried out based on this structure. For example, Fabian et al. (2016) applied a magnetic field around the liquid drop forming device, the experimental results showed that stronger magnetic field results in larger neck diameter of the droplet in the final stage of droplet formation, and the effects of physical properties of both continuous and dispersed phases and inflow velocity on the droplet size and forming frequency were investigated (Zie et al., 2008; Anna et al., 2006; Wang et al., 2017; Zhu and Wang, 2017) . Derzsi et al. (2013) found that increasing velocity ratio between continuous and dispersed phases reduces the droplet size. Meanwhile, four kinds of flow regimes were discovered in their experiment, i.e., without satellite, single satellite, multiple satellite, and jetting. They also found that as the viscosity of dispersed phase and the velocity ratio increase, the droplet flow regime transitions from dripping to jetting. In the study of droplet flow regime, Xu et al. (2008) detected that the capillary number of continuous phases is between 0.002 and 0.01 in their test when the droplet flow regime transitions from dripping to jetting. Chwalek et al. (2002) altered the surface tension and viscosity of the liquid through the changing temperature and used this method to control the deflection angle of liquid micro-jet. Nauyen et al. (2007) heated the fracture point of the formed droplet, and their experimental results indicated that the size of the formed droplet increases with the increase of the heating temperature. Further study by Tan et al. (2008) showed that as the temperature increases, there may exist three kinds of flow regimes, i.e. dripping, squeezing A and squeezing B, at the fracture point of the droplet. With the advance in the computer simulation, many researchers have adopted numerical methods to investigate the mechanism behind the droplet formation. Qiu et al. (2010) numerically analyzed the droplet formation in the non-Newtonian fluid in a cross-flow microchannel, and is revealed that the rheological parameters of non-Newtonian fluid have a significant influence on the formation mechanism and the size of droplet. Suryo and Basaran (2006a; 2006b) conducted simulation with validated numerical model and concluded that the fluid temperature has effects on the droplet size. Sivasamy et al. (2014) performed numerical simulation with VOF method to investigate the droplet formation process in T-junction structure. Their model has been validated by the experimental results.
In this paper, the process of the dispersed phase being squeezed into droplets by continuous phase in a flow focusing structure is modeled with CLSVOF method. The influence of temperature on the size, shape and frequency of the droplet is investigated. In the numerical simulation, two types of liquid, water and oil, which are insoluble in each other, are assumed as dispersed phase and continuous phase respectively (Zhang et al., 2017; Wu et al., 2008) . The influence of heating position on the formation of liquid droplets is investigated by keeping the velocity ratio of the two phases constant in the simulation. Although similar study has already been conducted by Nauyen et al. (2007) , the present study has the following differences. First, the structure of the droplet generator adopted in this study is different. Second, instead of one heating position, multiply heating positions are considered and their influence on the droplets during the formation process are analyzed.
CONTROL MODELS
The numerical simulation on the microflow of the fluid is based on three governing equations, i.e., continuity equation, momentum conservation equation and energy conservation equation. The VOF model (Jiang, 2016) is widely used in the interphase insoluble multiphase flow problem, and the capillary number of the fluid is also an important parameter affecting the flow characteristics.
Continuity Equation
where  is density,
are the phase fraction of oil phase, and water phase respectively, t is time, and v is velocity vector.
Momentum Conservation Equation
where p is static pressure, g  is fluid unit gravity vector, F is external force between phases (such as frictional effects, surface tension effects, and so on), and  is stress tensor, derived from the following formula:
o   , are oil and water viscosity respectively. I is unit tensor, the second term on the right-hand side in the bracket considers the effect of volume expansion.
Energy Conservation Equation
where E is energy, C k is thermal conductivity,
T is temperature; and h S is energy source term (heat caused by the friction effect can be considered in this term).
VOF Model
The VOF model simulates the flow of two or more insoluble fluids by solving a single momentum equation and using the volume fraction of each fluid passing through the fluid domain. The phases in the VOF model are not intertwined with each other. For each additional phase added into the model, the volume fraction of the phase is introduced which in the controlled volume. In each controlled volume, the sum of the volume fraction of all phases equals 1. Therefore the volume fraction of phase q is interface between phase q and other fluid (Jiang et al., 2018) .
Level Set Method
The level set (LS) method is a simple and general method for calculating and analyzing the motion of interface in two dimensional or three-dimensional space proposed by Osher and Sethian (1988) . The level set function is defined as a signed distance to the interface, and the level set function can be given as following:
The level set function  is set to 0 in one phase and 1 in the other, varying from 0 to 1 near the interface, and is used to smooth the fluid parameters near the interface.
CLSVOF
The LS method can capture interface with high accuracy, however it is easy to lead to a poor volume conservation because of its numerical dissipation. On the other hand, the VOF method can preserve volume conservation, and its weakness is discontinuous across the interface. Therefore, they are used to combined each other, which is called CLSVOF (the coupled level set and volume of fluid method). In the CLSVOF method, volume conservation is achieved by solving the volume fraction equation. The interface is reconstructed by the VOF function, while the interface normal is calculated from the LS function. The LS function is re-distanced based on the reconstructed interface. Through the correction by the VOF function, the volume conservation can be accurately ensured.
Capillary Number
When droplets are formed in microchannels, the surface tension of droplets is the dominant force over gravity. The capillary number is a dimensionless value indicating the significance of surface tension. In the present study on droplet formation, the effect of temperature is considered. An analytical expression of capillary number as a function of temperature in 3D model was derived by Tan et al. (2008) based on the interphase shear rate in microtubules defined by Anna et al. (2006) and the expressions of temperature and viscosity derived by Nauyen et al. (2007) From Eq. (6), it can be concluded that the change of system temperature can affect capillary number, i.e., when the temperature increases, the capillary number decreases. From microscopic perspective, as the temperature increases, the molecular movement becomes increasingly active resulting in the decrease in the surface tension between oil and water. Such decrease in the interfacial tension causes the changes in frequency, shape and position of the droplet forming. Figure 1 shows the geometry of the droplet generator considered in the numerical model of this paper. The area enclosed by dashed line is the heating area. In order to reduce the computation time and model size in the numerical simulation, only a small portion of the inlet region and upper water phase are modelled. PW denotes the temperature at the heating position of dispersed phase, POL denotes the temperature of continuous phase at the left heating position and POR the temperature of continuous phase at the right heating position. The effect of heating on the water and oil inlet flows is realized by setting different values for dynamic viscosity and interfacial tension. The software for fluid analysis is Fluent 18.0. After the feasibility study on the grid number of the model, the simulation on the flow field is carried out with different working conditions. It takes about 14 hours to simulate the flow in the microtubule up to 40 ms. Photoshop CS6 is used to measure the size and position of each droplet under different working conditions after 40 ms. Each dimension of the droplets is analyzed and compared and the results are shown in a line chart plotted by Tecplot 2015.
NUMERICAL MODELING

Geometry and Software
Fig. 1. Geometry of the droplet generator (μm).
Model Description
In this paper, the droplet formation due to the shear force generated by the flow focusing method is studied. The problem is modelled as a liquid-liquid two-phase flow with the continuous phase being oil and the dispersed phase being water. The viscosity and interfacial tension of the two phases at the selected temperature are presented in Table 1 . The oil has a density of 998.2kg/m 3 , a specific heat capacity of 1006.43J/(kg•K) and a thermal conductivity of 0.0242W/(m•K). The inflow velocity of oil in continuous phase is 0.0159m/s and that of water in dispersed phase is 0.00397m/s. The CLSVOF model is used for numerical simulation, and the energy equation is used for the consideration of different temperatures. The SIMPLE method is adopted for solving the pressure-velocity coupling. In space discretization, the least square method and PRESTO! are used for the gradient and the pressure calculation respectively. The momentum and energy equations are solved by the second order upwind scheme. Geo-Reconstruct is adopted to solve the volume fraction, and the first order upwind scheme is used for the level set function. The convergence factor of the energy equation is set to be 10e-6, and the convergence factor of the other equations is set to be 0.001. The relaxation factors are set by default, density is set to1, while pressure is 0.3, momentum is 0.7. The solution step size is set to be 10e-5s. The simulation takes 4000 steps. For each step, the maximum number of iterations allowable is 120.
The output values of Eq. (2) of the 4 steps among the first 20 steps are shown in Table 2 
Mesh Sensitivity Verification
In the numerical simulation, meshing is needed to discretize the geometric model of the flow field.
The larger the grids' number is, the more accurate the simulated flow field is (the smaller the mesh size is, the more uniform the droplet size is, the smoother the two-phase interface is (Jiang, et al., 2018) ). However, increasing in the grids' number will cause a sharp increase in computation cost, while the accuracy increases slowly. Therefore, it is important that the number of grids is within a reasonable range to achieve the balance between the computation efficiency and the cost. The solid line in Fig. 2(a) shows the relationship between the number of meshes and the mesh size in the simulated model. It can be seen that when the mesh size is reduced from 3μm to 1.4μm, the number of meshes increases nearly 5 times from 23364 to 107920. The dashed line shows the time the simulation takes to complete 2100 steps with different mesh sizes under the same boundary condition. It is seen that when the mesh size is reduced from 3μm to 1.4μm, the computation time increases nearly 180% from 1.8h to 5h. Therefore, it can be concluded from Fig. 2 that mesh size plays a key role in saving computation time. The accuracy of the numerical simulation is also affected by the size of the mesh. Figure 3 shows that the mesh size of the model has strong influence on the forming frequency and boundary regularity of the droplet when the model is numerically calculated under the same boundary condition. With the decrease of the mesh size, the droplet forming frequency increases, and the interface between formed water droplets and oil phase becomes more regular. When the mesh size is further reduced from 1.5μm to 1.4μm, the size and the forming frequency of droplets, as well as the regularity of the water-oil interface show little change, but the computation time increases nearly 1.6 times. Therefore, the mesh size of 1.5μm can meet the requirements of simulation for both accuracy and cost.
Simulation Cases
In their experimental analysis on the relationship between temperature and droplet formation, only considered the heating position where the droplet experienced maximum shear force in the microchannel. The initial temperature of the fluid in their experiment was 25°C, which was close to the room temperature. The fluid temperature was changed during the experiment and the law of droplet formation was analyzed. In this study, the influence of temperature on the droplet forming process was analyzed by considering heating at the inlets of both dispersed and continuous phases. In the numerical simulation, the initial global temperature is set to 10°C. The rang of heating temperature (that is, temperature difference) of both dispersed and continuous phases is from 10 to 30°C, at an interval of 10°C. For further analysis, the relevant symbols adopted in this paper are explained herein. Table 3 presents the simulation cases adopted in this paper. PW, POL and POR are shown Fig. 1 . 
RESULTS AND DISCUSSION
To validate the simulated results, a same model of Nauyen et al. (2008) is calculated and compared with the experimental results. Figure 4 represents the comparison of experimental data and the simulated data. The figure indicates a reasonable matching between the simulated results and the experimental data. errors caused by the large size change of the droplets due to the non-uniform surface tension during the droplet formation. Two droplets are used for the calculation of the droplet size. A dimensionless parameter ET for the droplet size evaluation is defined as follows: where T is dispersed phase temperature, 1 S and 2 S are the transverse dimension of the two droplets, and W is the width of the microchannel. The influences of the temperature on the ET is shown in Fig. 6 , which the solid/dashed lines show the size of liquid droplet under different temperature of the dispersed phase with the temperatures of the left and right continuous phases being equal/unequal. E10, E20 and E30 indicate the size of droplet with the temperature of dispersed phase being 10°C, 20°C and 30°C. In Fig. 6 , each solid line corresponds to one temperature of the dispersed phase. The horizontal axis is the temperature of continuous phase, and the vertical axis is the dimensionless parameter of droplet size ET. It is can be seen from the solid lines in Fig. 6 that when the heating temperatures of the left and right continuous phase are equal, the higher the temperature of the dispersed phase, the larger the size of the liquid droplets generated by the device, the maximum increase of droplet size is 16%. Under constant temperature of dispersed phase, the size of liquid droplets generated by this device increases with the increase of the temperature of continuous phase.
The horizontal coordinate for the dashed line in Fig.  6 is the mean temperature at the inlet of the continuous phase (the average temperature being 15°C means the inlet temperature of the oil phase on the left/right side of the droplet generator is 10/20 °C; the average temperature being 20°C means the inlet temperature of both the left and the right oil phase is 20°C; the average temperature being 25 °C means the inlet temperature of the left/right oil phase is 20/30 °C). The dashed lines suggest that under the same average temperature, the droplet size increases with the increase of the temperature of the dispersed phase.
Through the comparison of solid and dashed lines, it can be seen that under the same dispersed phase temperature, the size of liquid droplets when the inlet temperatures of left and right oil phase are equal is larger than that when the left and right oil phases have different temperatures. The conclusion that the droplet size increases with the increase of the temperature of dispersed phase and continuous phase is consistent with the experimental results of Nauyen et al. (2007) . When the number of droplets is counted, for the droplets not fully broken when the water phase flows through the shear point and enters the exit section, the following prescription is adopted. When the ratio of radial heights between the unbroken droplet and the former formed droplet is more than 1, it is counted as a complete droplet. When the radial ratio is between 0.5 and 1, 0.5 droplets is counted. For radial ratio less than 0.5, no droplet is counted. Fig. 7 . Effects of temperature on the droplet numbers, the heating temperature is 10°C-30°C, the inflow velocity of continuous phase is 0.0159m/s and that of dispersed phase is 0.00397m/s.
The influences of the temperature on the droplet numbers is presented in Fig. 7 , which the solid/dashed lines show the change in the number of droplets as the temperature of the dispersed phase increases, with the temperatures of the left and right continuous phases being equal/unequal, and the droplet number at the temperature of dispersed phase being 10, 20 and 30°C is denoted as N10, N 20 and N30 respectively. It can be seen from the solid lines in Fig. 7 that when the heating temperatures of the left and right continuous phases are equal, the number of droplets increases with the decrease of the temperature of the dispersed phase, the biggest drop of droplets number is 29%. When the heating temperature of continuous phase varies, the number of droplets decreases with the increase of the temperature of the dispersed phase. From the dashed lines shown in Fig. 7 , it can be seen that for each average heating temperature of continuous phase, the number of droplets at the temperature of dispersed phase being 20°C is higher than those at 10°C and 30°C. By comparing the solid and dashed lines, we can find that in general when the temperature of the dispersed phase is constant, the number of droplets decreases with the increase of the temperature of the continuous phase. However, for the dashed line with the temperature of the dispersed phase being 30°C, the number of droplets increases with the increase of the temperature of the continuous phase. The reason is that under this condition, the rule of droplet formation has changed. The number of droplets increases as the transition from the jetting regime to the dripping regime occurs with the increase of the continuous phase temperature. The mechanism of the droplets will be analyzed in section 4.4.
By comparison with Fig. 6 and Fig. 7 , it is observed that for the simulation time considered, i.e. 40 ms, the size of liquid droplet is approximately inversely proportional to the number of droplets. Under the condition of constant velocity ratio of continuous phase to dispersed phase, with the increase of droplet size, the number of droplets decreases and the radial distance between the formed droplets increases. On the other hand, when the size of droplet decreases, the number of droplets increases and the radial distance between droplets decreases. 
The Effect of Temperature on the Droplet Shape
In Fig. 8 , we select the droplet in the middle of the microtubule to calculate each dimension in the evaluation index of the droplet shape. Therefore, the error caused by the large change of the shape size due to the uneven surface tension during the formation of liquid droplet fracture is eliminated. Two droplets are chosen in the calculation of the dimension in order to reduce the error due to the inconsistent size of the droplets. In this section, the dimensionless roundness parameter CT is adopted as an evaluation index of the droplet shape, as shown in Eq. (8) L are the radial dimension of the middle of the liquid droplet.
Fig. 9. Effects of temperature on CT, the heating temperature is 10°C-30°C, the inflow velocity of continuous phase is 0.0159m/s and that of dispersed phase is 0.00397m/s.
The influences of the temperature on CT is depicted in Fig. 9 , which the solid/dashed lines demonstrate that when the heating temperatures of the left and right continuous phases are equal/unequal, the roundness parameter of the dispersed phase formed at different temperatures. C10, C20 and C30 are evaluation index of droplet roundness at the temperature of 10°C, 20°C and 30 °C. If the droplet is a regular circle, the roundness parameter is equal to 2, otherwise the shape of droplet is not circular. Figure 9 show the roundness parameter of the formed droplets for each test group. It can be seen that no droplet with circular shape was formed under the conditions of the numerical simulation. Higher roundness parameter of the droplet is obtained under the condition of lower heating temperature at the inlets of both water and oil phases. From Fig. 9 , it can be concluded that when the heating temperatures of the left and right continuous phases are equal, the higher the temperature of the dispersed phase, the smaller the roundness parameter of the formed droplet, the biggest drop of the roundness parameter is 5%, which indicates that the irregularity in the shape of droplet increases. When the temperature of the dispersed phase is constant and the heating temperatures of the left and right continuous phases are different, the roundness parameter of the droplet decreases with the increase of the average temperature of the continuous phase.
When the average heating temperatures of the left and right continuous phases are equal, the roundness parameter of the droplet formed at the dispersed phase being 10°C is higher than those formed at 20 and 30°C. As the average heating temperature of the left and right continuous phases increases, the roundness parameters of the liquid droplets formed at dispersed phase being 10 and 20°C are higher than that formed at 30°C. It can also be found from Fig. 9 that when the average temperature of the left and right continuous phases is 20°C and the temperature of the dispersed phase being 10°C, the roundness parameter of the formed droplets is higher than those under other heating conditions with either the temperature or the average temperature of the continuous phases being 20°C. When the temperature increases, the size of the droplet increases, and the transverse length of the upper part is much larger than that of the lower part, and the radial length is larger than that of the liquid droplet formed under the condition of lower temperature. In this case, the droplet shape is approximately inverted triangle, and the roundness parameter of droplet becomes smaller. The larger the droplet size, the smaller the roundness value, which is consistent with the trend as shown in Fig.  9 .
The Effect of Temperature on Flow Regime
Derzsi et al. (2013) discovered and defined four dispersed phase flow regimes in their experiment. Among which the dripping regime is defined as the case that the liquid droplet breaks at or near the cross intersection and the tip of the droplet is retracted into the cross intersection after droplet breaking. The jetting regime is defined as that the dispersed phase passes through the intersection and goes deep into the exit of the microchannel. After the droplet breaks in the microchannel, the dispersed phase is still at the exit of the channel without bouncing back to the intersection.
In the liquid droplet generating device designed in this study, the velocity ratio of continuous phase to dispersed phase is constant. The liquid drop phase diagrams are obtained by changing the heating temperature at the inlet of the two phases. Two kinds of flow regime of the dispersed phase in this simulation have been observed as shown in Fig. 10 : (a) dripping regime and (b) jetting regime.
In microflow, the capillary number determines the relative magnitude of viscosity and interfacial tension on the flow. Therefore, the capillary number is usually used to evaluate the dispersed phase flow regime in microflow. Figure 11 (a & b) show the capillary numbers of continuous and dispersed phases under different numerical simulation conditions. For the capillary numbers considered in Fig. 11 , both dripping and jetting flow regimes are observed in this device. In Fig. 11(a) , the horizontal coordinate is the capillary number of dispersed phases at heating temperature being 10°C, 20°C and 30°C, and the vertical coordinate is the capillary number of the left and right continuous phases at different heating temperatures.
(a) (b) Fig. 11 . Effects of Cad on Cac, the heating temperature is 10°C-30°C, the inflow velocity of continuous phase is 0.0159m/s and that of dispersed phase is 0.00397m/s.
In Fig. 11(a) , the solid lines show the capillary numbers of the continuous phase with the change of the temperature of the dispersed phase, under the condition that the temperatures of the left and right continuous phases are equal. For all the nine sets of experiment under this condition, the flow regime of the dispersed phase is dripping, as shown in the droplet phase diagram in Fig. 11(a) , and the shape and formation frequency of the droplet are different for different capillary numbers of dispersed and continuous phases. Comparing the droplet phase having capillary numbers of dispersed and continuous phases being 1.053E-3 and 0.211 respectively with the one having capillary numbers being 0.883E-3 and 0.16 for dispersed and continuous phases, it can be concluded that if the rest conditions are the same, the smaller the capillary numbers of dispersed and continuous phases, the larger the droplet size is, and the less the droplets formed. In Fig. 11 (b) CaL and CaR are the capillary number of the left and right continuous phases respectively at different heating temperatures. It can be seen from the graphs of the liquid droplets embedded in Fig. 11(b) that when the left and right continuous phases have different heating temperatures, there are two distinct jetting flow regimes of the dispersed phase for the nine sets of test conditions considered, while the remaining seven sets have dripping regime. The temperature of the continuous phase in the droplet phase diagram and elliptical dashed line demonstrates that when the temperatures of the left and right continuous phases are 20 and 30°C respectively, the larger the capillary number of the dispersed phase is, the more obvious the dispersed phase is in the jetting flow regime.
Under the dripping flow regime, the equilibrium between shear force and interfacial tension in the dispersed phase is considered, but the influence of inertial factor on the formation of droplets is neglected. As mentioned above, the capillary number of the continuous phase can describe the equilibrium between the shear force and the interfacial tension, when the capillary number of the continuous phase is small, the surface tension plays a leading role during flow focusing fracture to form droplets, and the breakpoint of droplet is cross intersection. Similarly, with the increase of capillary number, when the shear force gradually increases to overcome the surface tension during the droplet formation, the dispersed phase flow regime will change from dripping to jetting. Moreover, high viscosity of dispersed phase may deter the droplet formation, which promotes the flow regime transition from dripping to jetting.
The velocity field and temperature field of the calculated area are further analyzed. Figures 12-13 are velocity field of dripping flow and jetting flow. From the velocity contours from 5 to 14 ms, it can be seen that there is a high velocity region in the downstream section of the microchannel, i.e. the striped zone in red in the velocity contour, of which the velocity is exactly twice the inlet velocity of the continuous phase. Because initially the whole flow field region is filled with continuous phase, which enters the flow field uninterruptedly at certain velocity, the velocity in the middle of the flow field is the sum of the two velocities. As the viscosity of oil in the continuous phase is bigger, the shear force between the wall and the outflow section is bigger than that in the other areas of the flow field. The friction resistance exerted by the wall to the viscous fluid results lower velocity in the near wall than the velocity in other areas far away from the wall. The velocity gradient changes gradually in this state, which makes the velocity in the middle of the flow field the highest, and the velocity gradually decreases towards both sides. At 5 ms, the highspeed region of the continuous phase in the outflow section assumes a semicircular bulge, and the region gradually changes to a flat shape at 10 ms as the dispersed phase gradually flows into the channel. At 13 ms, the high-speed region of the outflow section is "sheared" into two halves as the dispersed phase gradually flows into the outflow section. The velocity at the tip of dispersed phase increases gradually and eventually becomes higher than that of the continuous phase. With the increase of the inlet time, the "high speed" region of the dispersed phase tip further enlarges till 14 ms. With the increase of the velocity, the droplets are stretched continuously, and the width of the droplet neck gradually decreases. When the width of the neck decreases to a certain value, the velocity of the dispersed phase droplets reaches the maximum in this micro-region, and the velocity of the upstream dispersed phase is far less than that of the microregion, so the droplets break in this region. From the velocity contour at 17 ms, it can be seen that the tip velocity of the dispersed phase presents an obvious low velocity region immediately after fracture. Figure 13 shows the dispersed phase contour and the velocity contour with jetting flow pattern. As can be seen from the velocity contour at 19 ms, the velocity variation of the dispersed phase from the inlet to the breaking into droplets is generally consistent with the velocity variation of the droplet. At 20 ms, the velocity at the minimum neck width of the dispersed phase increases rapidly from about equal to that of the continuous phase to nearly two times, as shown in the red slender region in the figure. Under the action of viscous force, the volume of the unbroken droplets in dispersed phase increases gradually with the new flow of the dispersed phase, and the radial length of the neck increases gradually. The radial distance at the outlet of the runner increases gradually, which is evident in the velocity contour from 20 to 23 ms. The velocity of the droplet increases gradually with the passing of time, and the velocity outside the droplet is larger than that inside the droplet. When the velocity outside the droplet increases gradually until equal to the velocity downstream of the droplet, the velocity at the tip of the droplet decreases sharply and the velocity at the minimum neck width decreases rapidly at the moment of breaking.
Figures 14-15 are temperature field of dripping flow and jetting flow. Figure 14 shows the dispersed phase contour and the temperature contour with dripping flow pattern. When the temperature of continuous phase and dispersed phase is 10℃, the flow pattern of fracture of dispersed phase is trickle flow, but the change trend of temperature cannot be analyzed. Therefore, we select the case in which the temperature of continuous and disperse phases is 20 and 10 ℃, respectively. From the temperature contour at 5 ms, it can be seen that with the continuous phase being heated gradually and flowing into the intersection, the temperature in this region rises gradually, and the high temperature region flows to the outflow section and intersects gradually with the flow of dispersed phase. It can be seen from the temperature contours from 15 to 17 ms that as the volume of the droplet in the unbroken dispersion and the radial distance of the neck gradually increase, the temperature inside the droplet gradually increases. From the temperature contour at 18 ms, it can be seen that the temperature inside the droplet gradually increases to the same as the surrounding temperature after the droplet breaks. Figure 15 shows the dispersed phase contour and the temperature contour with jetting flow pattern. The red, green and blue region in the temperature contour of the continuous phase has temperature being 30, 20, and 10℃, respectively. As can be seen from the temperature contour at 19 ms, the temperature change of the dispersed phase from the inlet to the breaking into droplets is generally consistent with the temperature change of the droplet.
Fig. 15. Variation of temperature of dispersed phase and its surroundings during jetting flow.
From 19 to 22 ms, the shape of the formed droplets is smooth in the low temperature region near the low temperature side, and the range of the low temperature region decreases gradually as the temperature rises, and the shape of the broken droplets tends to be uniform. Figure 16 shows the comparison of the formation of droplets since the fracture in the dripping and jetting flow regimes. From Fig. 16(a) , it can be seen that in the dripping flow regime, breakup point is located in the intersection part but very close to the intersection. After the droplet breaks up from the fracture point, its upper part shrinks to a sharp point due to the tension before fracture. The lower part of the droplet is oval due to surface tension. With the tension in the upper part fading away, the sharp point of droplet becomes blunt, which makes the surface tension of the droplet distribute more evenly. Also, the droplet is subjected to the inertia force in Y direction. Therefore, the droplet has slightly larger deformation in its upper part than in its lower part, which makes the droplet peach-like in its final shape.
The Effect of Temperature on Droplet Formation
From the dripping flow regime depicted in Fig.  16(a) , we can see that there are three stages in droplet re-formation, i.e., fluid aggregation stage, necking stage, and fracture stage. The dispersed phase sheared by continuous phase gradually flows into the intersection. The tip point of the upper dispersed phase at the intersection gradually expands outward into a column because of the inflow of fluid, and the tip point disappears. At this time, the droplet formation enters the second stage. In the necking stage, with the continuous inflow of fluid, the front end of the column of dispersed phase gradually expands outward into an ellipse under the action of surface tension. With the expansion of the lower ellipse of the droplet, the neck of the droplet becomes narrower and narrower. When the neck shrinks to a point, the droplet formation enters the fracture stage, in which the fracture occurs and the new droplet is formed. It can be seen from the phase diagram that the droplet shape in the microchannel after fracture is almost the same as that in the dripping flow regime with the increase of time. However, the breakpoints of the droplets in the two flow regimes are quite different, in which the fracture point of jetting flow regime extends to the exit section. When the temperature of the dispersed phase is 10°C, and the inlet temperature of the two continuous phases is 20°C and 30°C, respectively, the radial distance between the fracture point and the exit section is more than 2 times the diameter of the pipe, which is much larger than the radial distance of the fracture point under the dripping flow regime. The process of droplet formation out of the fine filamentous dispersed phase in the outflow section is also divided into three stages: fluid aggregation stage, necking stage, and fracture stage. The biggest difference between the jetting flow regime and the dripping flow regime at this stage is that after the droplet breaks at the fracture point, the filamentous dispersed phase bounces back in a short distance towards the entrance of the dispersed phase, which is caused by the viscoelasticity of the dispersed phase.
The Effect of Temperature on Droplet Breakup Location
The location and dimension of the droplet breakup point is shown in Fig. 17 , and the comparison results are depicted in Fig. 18 . From Fig. 17 , "L" is the measurement of the flow direction of the position. In Fig. 18 the horizontal axis is the heating temperature of continuous phase, and the vertical axis is the radial dimension of the breakup position of the droplet. The solid and the dashed lines correspond to the condition that the temperatures of the left and right continuous phase are equal and the temperature of the dispersed phase is constant. The dash dot and the dotted lines correspond to the condition that the heating temperatures of the left and right continuous phases are not equal and the temperature of the dispersed phase is constant. When the temperature of dispersed phase is constant, the radial dimensions of different droplet fracture points are different. It can be seen from Fig.  18 that the radial dimension of the fracture point of the first droplet is larger than that of the fifth regardless of whether the heating temperatures of the continuous phases are equal or not. As the heating temperature of the dispersed phase is constant and the inlet temperatures of the left and right continuous phases gradually increase, the radial dimension of the fracture point gradually reduces, meaning the fracture point of the droplet is more and more close to the cross intersection. However, it can be found from the values of radial dimension in Fig. 18 that when the dispersed phase is a jetting flow regime (as presented by the dotted ellipse in Fig. 18 ), the radial dimension of the fracture point gradually decreases while that in the jetting flow regime gradually increases and restabilizes. As a whole, the radial dimension of the droplet fracture point decreases to a stable value with the increase of temperature and is generally larger than that of the fifth droplet. Because the initial oil phase temperature is 10°C in this numerical simulation, the capillary number of continuous phase is relatively low, so the fracture point of dispersed phase assumes a transient jetting flow regime at the beginning. As the capillary number increases with the increase of temperature, the droplet dispersion phase gradually transforms into dripping flow regime, and the radial dimension of fracture point of the first droplet is generally larger than that of the fifth droplet.
CONCLUSIONS
In this paper, by changing the heating temperature at the inlet of dispersed phase and continuous phases in the flow focusing structure, the effects of temperature on the size, forming frequency, shape of droplets, and flow regime, droplet formation are analyzed.
(1) The CLSVOF model of microflow is built, and the analytical parameter ET, CT are defined, they are effective tools for quantitative analyzing the influence of temperature on droplet on droplet forming.
(2) With the increase of temperature, the size of the droplet increases and the frequency of the droplet decreases. (5) Under the dripping flow regime, the radial dimension of the droplet fracture point decreases to a stable value with the increase of the heating temperature of the continuous the dispersed phases, while under the jetting flow regime, the radial dimension of the droplet fracture point gradually increases to a stable value with the increase of the heating temperatures of the continuous and the dispersed phases.
(6) More experimental verification is needed in the future, and the friction effects and other factors should be considered.
